Question: This study analysed the effect of severe soil erosion on species composition of plant communities by favouring species showing certain growth forms, root-sprouting and clonal growth abilities. Location: The study area was located between the middle Ebro Valley and the Pre-Pyrenees (northeastern Spain). Methods: Root-sprouting and shoot-rooting abilities, clonal reproduction and growth form were assessed for the 123 most common plant species from eroded lands in the study area. We obtained 260 vegetation relevés in three different substrata (gypsum outcrops, Miocene clays and Eocene marls) on areas with different degrees of soil erosion. The frequency of every plant trait in each relevé was estimated according to species presence. The effect of soil erosion on the frequency of plant attributes was assessed by correlation analyses. Results: Bipolar, non-clonal plants and annual species decreased their frequency with increasing soil erosion in the three substrata analyzed, whereas root-sprouters and woody plants (mostly sub-shrubs) increased their frequency in most of the substrata analysed. Conclusions: Woody sub-shrubs, root-sprouters and clonal species are favoured in eroded lands in NE Spain. Bipolar species and annual plants might not be plastic enough to survive the high stress and frequent disturbances prevailing in such eroded areas.
Introduction
Soil erosion tends to reduce plant cover and species diversity and hence leads to a deterioration of plant communities (Guerrero-Campo & Montserrat-Martí 2000; Lázaro Suau 1995; Thornes 1990; Tsuyuzaki & Titus 1996) . Although some colonization by specialized species may occur in the earlier stages of erosive processes, plant colonization and species substitution are arrested when degradation is severe (Guàrdia 1995; Guàrdia & Ninot 1992) . In Mediterranean and semi-arid regions, many of the species that make part of plant communities in the stages of the erosion process prior to desertification are remains of former well-developed vegetation. The analysis of the adaptive traits that enable the persistence of plants in eroded lands is, therefore, crucial to understand vegetation dynamics associated with erosive processes.
Soil erosion is a geomorphologic process that increases both the stress and frequency of disturbances affecting plants. Main stresses are related to a reduction in water and nutrient availability due to the loss of organic soil horizons; while disturbances comprise of plant uprooting, dragging and breaking (Grime 2001) . Many studies have assessed the relationship between certain morphological traits of plants and water and nutrient deficits (Danin & Orshan 1990; Fernández Alés et al. 1993) . Similarly, the effects of edaphic disturbances on the efficiency of some plant traits such as clonal reproduction or seeding strategy are well known (Biondini et al. 1985; Tsuyuzaki & del Moral 1995) . However, few studies have assessed the response of plant species to processes causing a simultaneous increase in stress and disturbance, such as soil erosion. For example, a previous study on 29 attributes of plants from badlands, showed (without statistical testing) a greater frequency of perennial vs annual plants and taprooted vs fasciculate-root plants in eroded areas, while plants forming stolons or bulbs were completely absent (Guàrdia 1995) . Navarro et al. (1993) found that most species growing in badlands showed a great plasticity in their vegetative growth. Finally, Hodgson and collaborators concluded that soil erosion favoured stress-tolerant species in the gypsum outcrops of northeastern Spain (Hodgson et al. 1994) .
Certain attributes may favour plant survival in areas subjected to stress and frequent disturbances, such as highly eroded lands. For example, clonal reproduction favours plant colonization and persistence in resourcepoor (Jónsdóttir & Watson 1997; Shumway 1995) and disturbed areas (Bond & Midgley 2001; Fahrig et al. 1994; Prach & Pyšek 1994) . Clonal reproduction is related to the ability of plants to form shoots from the roots and/or to root-sprout (Del Tredici 2001; Groff & Kaplan 1988; Klimesová & Martínková 2004) . These abilities seem to favour plant survival in areas where erosive and/or sedimentary processes prevail (Danin 1996; Dech & Maun 2006; Del Tredici 1992; Sakai et al. 1995; Yu et al. 2004) . Groff & Kaplan (1988) revised the different root:shoot relationships of rooted plants and differentiated four 'structural classes': class 1: bipolar plants, i.e. plants lacking shoot-borne roots and root-borne shoots; class 2: plants with only shoot-borne roots, i.e. plants able to root from layered branches, stems or stem-derived structures: rhizomes, stolons, lignotubers etc.; class 3: plants with only root-borne shoots, i.e. plants with root systems able to produce shoots, often known as root suckers and class 4: plants with the ability to produce both shoot-borne roots and root-borne shoots.
In a recent study, we have shown that the different shoot-rooting and root sprouting abilities of plant species described by Groff & Kaplan are related to certain root system morphologies and ecological strategies (Guerrero-Campo et al. 2006) . In particular, rootsprouters (classes 3 and 4) tended to have coarse and deep roots, whereas shoot-rooting species (mainly class 2 species) displayed fine, fasciculate, long and laterally spreading roots.
The application of these classes to describe the vegetation of eroded landscapes remains unexplored. Severely eroded areas comprise of mosaics of sites with different soil depths, where contrasting erosive and sedimentary processes proceed at small scales, at different points across the slope. Plants growing in sites where soil erosion prevails tend to be uprooted, while the shoots of plants growing in sedimentary sites tend to be buried by sediments. Bipolar species (class 1) are unable to respond to such changes in soil depth, and hence a decrease in the abundance of these plants might be expected as the severity of the erosion process increases. On the other hand, root-sprouters (class 3 species) might be favoured in those sites where the loss of soil is more intense, whereas shoot-rooting species might dominate in areas where sedimentation prevails. Finally, class 4 species, i.e. those species able both to root-sprout and to form roots from the roots, might be the most plastic species in relation to erosive and sedimentary processes and hence highly resistant to both processes.
Several previous studies have demonstrated that adventitious root formation is an adaptive trait of plants growing in areas such as sand dunes or sedimentary sites where plants are frequently buried (Danin 1996; Dech & Maun 2006; Franks & Peterson 2003; Yu et al. 2004 ). For species growing in sand dunes, shoot-rooting ability increases in plants showing burial tolerance or specialization (Dech & Maun 2006) . This has been interpreted as a mechanism to increase plant access to oxygen, water and nutrients, and to improve mycorrhizal activity, once the soil conditions have been modified by burial (Dech & Maun 2006; Yoshikawa & Hukusima 1997) . This study focuses on highly eroded badlands, where erosive processes are far more frequent than sedimentary processes and plant burial is rare. In such badlands, sedimentation is restricted to the reduced retention of soil material due to plants or stones. Therefore, we will focus our analysis on the traits that enable the persistence of plants when erosive rather than sedimentary processes prevail.
The objective of this study was to explore the relationship between soil erosion and the frequency of rootsprouting, clonality and different growth forms in three eroded areas of NE Spain. Our expectation is that the frequency of root-sprouters will increase with increasing soil erosion. We also expect the frequency of bipolar species to decrease as the erosive process proceeds.
Material and Methods

Study area
The area surveyed was located between the middle Ebro Valley and the Pre-Pyrenees (NE Spain) and comprised of the following substrates: almost pure gypsum outcrops, Miocene clays from the Somontanos and Eocene Pre-Pyrenean marls. Study sites were pastures on areas with medium to high levels of soil erosion, mostly intermingled mosaics of small patches with different grades of soil erosion and vegetation cover.
Gypsum outcrops were located in the middle Ebro Basin, in a semi-arid climate (Table 1) . Soils have a high infiltration capacity which leads to reduced run-off of rainwater and, consequently, moderate soil erosion (Desir 2002; Gutiérrez Elorza et al. 1995) . Miocene clays were located between gypsum and marls, and present intermediate climatic features (Table 1) . Soil infiltration rates are very low and soil erosion rates are intense -Plant traits enabling survival in Mediterranean badlands suffering from soil erosion - (Gutiérrez Elorza et al. 1995) . Eocene marls occur in a sub-Mediterranean climate (Table 1) . Bare soils on marls are very impermeable with high water retention capacity and slow permeability, so run-off and soil erosion rates are intense and formation of extensive gullies is frequent (Cervera et al. 1991) . For more details about the study area and field survey see Guerrero-Campo & Montserrat-Martí (2000 .
Data collection
We obtained 260 vegetation relevés: 124 in almost pure gypsum hills near Zaragoza, 61 in Miocene clays around Huesca and 75 in Eocene marls around Jaca. To reduce climatic and edaphic variations within relevés from each substratum, we analysed small areas less than 10 km away from each other, with very similar soil and climate. Each relevé covered an area of a 3 m 2 square. Different eroded sites were surveyed by taking relevés at varying levels of vegetation degradation and at different locations (with varying slope, position in the slope and aspect). A high negative correlation between the degree of erosion and phanerogam cover was found in previous studies conducted in the same area (Guerrero-Campo & Montserrat-Martí 2000 . For this reason, and to facilitate comparison with other studies, 1-phanerogam cover (the inverse of total phanerogram cover in each relevé, i.e. bare soil plus cryptogram cover) was used as an indicator of the degree of vegetation degradation caused by soil erosion. At each study site we selected close patches of degradation levels, generally ranging from moderately degraded patches (phanerogam cover usually > 75%) to severely degraded ones (phanerogam cover usually < 10%). A complete list of species present in every relevé was recorded.
Root-sprouting and shoot-rooting ability, clonal reproduction and growth form were assessed for the 123 most frequent phanerogams found on scrub pastures and badlands in the study area. The selection of species followed a previous study on eroded areas on the same area where the most frequent species (those appearing in at least 5% of a total of 734 vegetation relevés) were identified (Guerrero-Campo et al. 2006) . This large species set included most of the growth forms found in the study area, from shrubs to annual plants.
To estimate the different types of rooting or sprouting characteristics and the ability to perform clonal reproduction of each species, several eroded sites were surveyed in detail, particularly highly eroded surfaces, slopes on road cuts and sedimentary sites. Data were pooled with previous observations to build a large data base (see supplementary material in Guerrero-Campo et al. 2006) . For each species, the cases of observed root-borne shoots, shoot-borne roots and the distance of clones to the mother plant were recorded. There was continuous variation between the species that produced large amounts of shoot-borne roots and those that produced no shoot-borne roots. A similar variation pattern was observed with regard to root-borne shoots. However, to simplify the interpretation of results, and due to the great number of species analysed, only the presence/ absence of each trait was recorded. The distance between parent and offspring ramets was categorized in four classes: no clonality; short distance (when offspring ramets were attached to parent ramets); intermediate distance (when offspring ramets were closer than twice the parent ramet height); long distance (when offspring ramets were separated by more than twice the parent ramet height). Finally, each species was ascribed to one of four different growth forms based on the degree of lignification: woody, woody stock, herbaceous perennial and herbaceous annual. Herbaceous species with woody stock are quite frequent in the communities analysed (8.2%) so we decided to consider them as a different category from other completely herbaceous species.
Statistical analyses
To estimate the frequency of each studied feature (i.e. growth form, clonality and type of root-shoot relationship), we calculated the frequencies in the relevés of species that shared the analysed attributes. These data were used for the analysis of the differences in the frequency of each feature among different soil erosion levels. Data were not normally distributed, and hence the relationship between soil erosion (1-phanerogam cover) and the frequency of the different traits was assessed by the non-parametric Spearman correlation coefficient (Zar 1984) . To detect possible interactions between growth forms and root-shooting and root-sprouting abilities, we analysed the distribution of growth forms among the four structural classes of Groff & Kaplan (1988) . Differences between structural classes were assessed by the Log-likelihood ratio analyses (G). All statistical analyses were conducted with SPSS 13.0 for Windows.
Results
The following results show the variation in the frequency of characters due to the presence or absence of species in relevés from areas with different degree of soil erosion. Data calculated on a plant cover basis were strongly influenced by sudden changes in the occurrence of one or few dominant species so we decided to present data as a function of species frequency in relevés. Nevertheless, results were quite similar in both cases (data not shown).
Root-shoot relationship
The frequency of bipolar species decreased with soil erosion in the three substrata analysed ( Table 2 ). The frequency of shoot-rooting species (class 2) did not show significant correlation with erosion of marls and gypsum soils, but increased significantly with soil erosion in Miocene clays ( Table 2 ). The frequency of root-sprouters (class 3) showed no significant correlation with the erosion of clays, but their frequency increased remarkably with erosion in gypsum and marls (Table  2) . Finally, species with both the ability to root-sprout and to form shoots from their roots (class 4) increased their frequency significantly with soil erosion only in gypsum soils ( Table 2) .
The interaction between growth forms and the four root:shoot classes was significant after a χ 2 test: Likelihood test value = 13.58, P = 0.003. Provided that many woody species are root-sprouters and most annuals are bipolar species (except for annual grasses which belong to class 2), we repeated the correlation analyses excluding woody species and annual species. When excluding annual species, significant correlations between the inverse of phanerogam cover (i.e. erosion degree) and frequency of bipolar species remained in marls (R = -0.250, P = 0.030) and clays (R = -0.269, P = 0.036), but not in gypsum outcrops (R = -0.022, P = 0.805). When woody species were excluded from the analysis, the increase of root-sprouters with soil erosion rendered significant in gypsum outcrops (R = 0.258, P = 0.004) but not in marls (R = 0.144, P = 0.216), while in clays there was no relationship in any case.
Clonality
Non-clonal species decreased their frequency as erosion increased in gypsum and marls, while no significant correlation was observed in clays (Table 3) . Among clonal species, those species forming offspring ramets Table 2 . Spearman coefficients for the correlation between soil erosion (1-phanerogam cover) and frequency of species with different classes of root:shoot relationships. Class 1: bipolar species; class 2: shoot-rooting species; class 3: root-sprouters and class 4: species with both the ability to root-sprout and to form roots from the shoots. -Plant traits enabling survival in Mediterranean badlands suffering from soil erosion -461 at a short distance from parent ramets were significantly more frequent in eroded areas of gypsum outcrops, but they showed no significant correlation with soil erosion in clays and marls (Table 3) . Species with an intermediate distance of clone dispersion decreased their frequency with soil erosion in gypsum outcrops and marls, whereas species with a long distance of clone dispersion increased their frequency with soil erosion only in gypsum outcrops (Table 3) .
Growth forms based in the degree of lignification
The frequency of woody species increased significantly in the most degraded areas of gypsum outcrops and Miocene clays, while correlation was not significant in Eocene marls (Table 4 ). The majority of woody species that grew in the most eroded areas were sub-shrubs and, less frequently, shrubs (data not shown). Indeed, no trees were found at the most eroded sites in any of the studied substrata. Despite the different environmental conditions prevailing in the three substrata analysed, annual species decreased their frequency with soil erosion in all of them (Table 4 ). The frequency of herbaceous perennials decreased significantly with increased soil erosion in Miocene clays, whereas that of species with woody stock showed negative correlation with soil erosion only in Eocene marls (Table 4) .
Discussion
Our results show that soil erosion increases the frequency of root-sprouters, clonal species and small woody plants but reduces the frequency of bipolar species and annual plants. These results indicate the adaptive significance of some traits of plants growing in eroded lands such as the ability to root-sprout or to perform clonal dispersion together with the advantage of certain growth forms such as woody sub-shrubs.
One of the main disturbances caused by soil erosion is plant uprooting (Guerrero-Campo 1998) . According to our observations, most species can survive a certain degree of uprooting, however, once a certain threshold is surpassed, plant canopy dries out and only root-sprouters survive. At a community level, where the intensity of soil erosion is not homogeneous, this leads to an increase in the frequency of root-sprouters. In this study, such a relationship between root-sprouting and plant tolerance to soil erosion was significant in gypsum outcrops and Eocene marls, but it was not significant in Miocene clays. When woody species were excluded from the analysis, the positive relationship between soil erosion and the frequency of root-sprouters was significant only for gypsum outcrops, though statistical power was low. This indicates that there is an interaction between root-sprouting and woody growth form, so that many root-sprouters are sub-shrubs.
The lack of a significant relationship between rootsprouting and soil erosion in Miocene clays is surprising. One possible explanation might be that, as observed in previous studies (Guerrero-Campo & Montserrat-Martí 2004) , some dominant species of sedimentary areas of gypsum outcrops tend to colonize highly eroded sites in the more humid Miocene clays. Most of such colonizing plants are shoot-rooting species (class 2), which may obscure the relationship between root-sprouting and soil erosion tolerance in this substratum. This unexpected pattern of colonization of eroded lands by species from sedimentary sites of drier areas has also been observed in Eocene marls, though in this substratum it is much less frequent and conspicuous (Guerrero-Campo & Montserrat-Martí 2004) . The relationship between rootsprouting and the tolerance of plants to partial uprooting has been reported in a wide variety of species from different environments, such as perennial weeds (McIntyre 1979; Raju et al. 1966) , riverine species subjected to recurrent floods (White 1979) or species from sand dunes in arid and semi-arid areas (Danin 1996) . Together with our results, these studies indicate that root sprouting is an adaptive trait common to different taxa from different environments where partial uprooting prevails.
According to our results, soil erosion favours the frequency of species with the ability to reproduce vegetatively over those that can only reproduce by seeding, such as annuals or most bipolar plants. Previous studies on seed germination have demonstrated that seed banks from badlands are diverse and abundant enough to enable the reconstruction of former plant communities (García-Fayos et al. 1995; Guàrdia et al. 2000a) . Indeed, sexual reproduction is more relevant than vegetative reproduction to the spatial spread of some key species from badlands (Guàrdia et al. 2000b ). However, in most eroded sites colonization from seed banks is hampered by the presence of highly compacted bare soils and intense water and nutritional deficits, which limit seed germination and seedling growth (Guàrdia 1995) . Vegetative reproduction is, thus, the unique effective mechanism for most species to colonize and persist in highly eroded areas (Guerrero-Campo 1998) . Clonal reproduction has been shown to enable plant survival in frequently disturbed sites (Fahrig et al. 1994; Prach & Pyšek 1994) , especially when resources are scarce (Grubb 1985; Shumway 1995) , but see Klimešová & Martínková (2004) . Similarly, previous studies indicate that species following a persistence strategy against disturbances, such as sprouters, tend to increase with increasing frequency of disturbances and are likely to be more frequent in unproductive than productive sites (Bellingham & Sparrow 2000; Bond & Midgley 2001) . This study indicates that the species with a long clonal dispersion distance tend to resist soil erosion better than those species forming offspring ramets at medium distance to the parent ramet. An extensive clonal integration is advantageous in resource-poor environments where resources are patchily distributed, as clonality enables plants to sample the environment at multiple sites (Jónsdóttir & Watson 1997) . Accordingly, plants with a long clonal dispersion distance can colonize areas where resources are scarce thanks to their ability to translocate resources from other ramets growing in favourable microsites (Shumway 1995; Yu et al. 2004 ). Long-distance clonal growth is also relevant for the colonization and persistence of plants in disturbed areas (Belsky 1986; Prach & Pyšek 1994) . For example, an extensive clonal integration entails a greater ability to survive deep sand burial in dunes (Yu et al. 2004) .
The great difficulties associated with badlands colonization by seeding explain the significant reduction of annual plants in the most eroded areas of the three substrata analysed. Annual plants are known to be well-adapted to colonizing disturbed environments. Accordingly, they display high relative growth rates (RGR), need moderate or high soil fertility and produce numerous seeds (Grime 2001) . However, when disturbed areas are subjected to a certain degree of stress, pioneer species are no longer annuals, but longer-lived species with lower RGR (Borgegård 1990; Grubb 1985) . A scarcity in annual species has repeatedly been reported in highly eroded lands and gullies (Biondi et al. 1988; Guàrdia 1995; Korzgebevskii & Klyukin 1990; Tsuyuzaki & Titus 1996) , though certain studies in arid eroded sites have shown that annuals can also be important in some of these areas (Ferrari & Gerdol 1987; Gurrea Guerrero et al. 1995; Lázaro Suau 1995) .
Our results show that woody species (in this study represented mainly by sub-shrubs) have a greater ability to persist in highly eroded areas than other growth forms, particularly in the most arid substrate (gypsum outcrops). Most Mediterranean sub-shrubs are typically considered stress-tolerant, but show also a certain ability to survive disturbances (Margaris 1981; Palacio et al. 2006) . Their predominance in the most eroded sites of gypsum outcrops may be explained because the abiotic stresses generated by soil erosion in these semi-arid areas are greater than in more humid substrates, where they are excluded from competition (García-Fayos et al. 2000) . At the same time, disturbances may be less intense, as the rate of soil erosion is lower than in more dynamic areas, such as the clays and marls studied. Contrastingly, in the most humid substrate analysed (Eocene marls), disturbances by dragging and breaking could be more limiting for plant growth than the abiotic stresses generated by soil erosion (Guerrero-Campo 1998; Guerrero-Campo & Montserrat-Martí 2000) . This might explain the high frequency of herbaceous perennials and the reduced frequency of woody species (sub-shrubs) observed in this substrate (Guerrero-Campo 1998) . It is remarkable that tall shrubs and trees were generally absent from the severely eroded areas considered in this study.
In conclusion, our results indicate that bipolar species tend to reduce their frequency with soil erosion while root-sprouters tend to increase, although this relationship was not apparent in Miocene clays. Rootsprouting favours plant persistence with soil erosion, while shoot-rooting could be adequate to survive burial. Therefore, those species unable to either root-sprout or shoot-root, i.e. bipolar species, tend to decrease when erosive-sedimentary processes are intense. These trends may be somehow affected by an interaction with growth form, as most annuals are bipolar species and many rootsprouters are sub-shrubs. Due to the combined conditions of high stress and frequent disturbances prevailing in eroded areas, species with clonal reproduction, especially at long distances, and perennial species such as small woody or herbaceous plants, tend to resist the strong soil erosion processes better than other plant types, such as annual plants.
